ABO incompatibility is commonly observed in stem cell transplantation and its impact in this setting has been extensively investigated. HLA-mismatched unrelated donors (MMURD) are often used as an alternative stem cell source but are associated with increased transplant related complications. Whether ABO incompatibility affects outcome in MMURD transplantation for acute myeloid leukemia (AML) patients is unknown. We evaluated 1,013 AML patients who underwent MMURD transplantation between 2005 and 2014. Engraftment rates were comparable between ABO matched and mismatched patients, as were relapse incidence [34%; 95% confidence interval (CI), 28-39; for ABO matched vs. 36%; 95% CI, 32-40; for ABO mismatched; P 5 .32], and nonrelapse mortality (28%; 95% CI, 23-33; for ABO matched vs. 25%; 95% CI, 21-29; for ABO mismatched; P 5 .2). Three year survival was 40% for ABO matched and 43% for ABO mismatched patients (P 5 .35), Leukemia free survival rates were also comparable between groups (37%; 95% CI, 32-43; for ABO matched vs. 38%; 95% CI, 33-42; for ABO mismatched; P 5 .87).
Abstract
ABO incompatibility is commonly observed in stem cell transplantation and its impact in this setting has been extensively investigated. HLA-mismatched unrelated donors (MMURD) are often used as an alternative stem cell source but are associated with increased transplant related complications. Whether ABO incompatibility affects outcome in MMURD transplantation for acute myeloid leukemia (AML) patients is unknown. We evaluated 1,013 AML patients who underwent MMURD transplantation between 2005 and 2014. Engraftment rates were comparable between ABO matched and mismatched patients, as were relapse incidence [34%; 95% confidence interval (CI), 28-39; for ABO matched vs. 36%; 95% CI, 32-40; for ABO mismatched; P 5 .32], and nonrelapse mortality (28%; 95% CI, 23-33; for ABO matched vs. 25%; 95% CI, 21-29; for ABO mismatched; P 5 .2). Three year survival was 40% for ABO matched and 43% for ABO mismatched patients (P 5 .35), Leukemia free survival rates were also comparable between groups (37%; 95% CI, 32-43; for ABO matched vs. 38%; 95% CI, 33-42; for ABO mismatched; P 5 .87).
Incidence of grade II-IV acute graft versus host disease was marginally lower in patients with major ABO mismatching (Hazard ratio of 0.7, 95% CI, 0.5-1; P 5 .049]. ABO incompatibility probably has no significant clinical implications in MMURD transplantation.
| I N T R O D U C T I O N
For acute myeloid leukemia (AML) patients lacking a matched sibling donor or a fully HLA matched unrelated donor, alternative stem cell donor sources must be sought to proceed with allogeneic hematopoietic cell transplantation. At present, these include transplantation from an haploidentical related donor, using an umbilical cord blood stem cell product or using a partially HLA-mismatched unrelated donor (MMURD). 1 While MMURD transplantation presents an attractive and readily available option for some patients, widespread use has been limited to some degree by an increased risk for graft failure, [2] [3] [4] higher rates of GVHD, 5, 6 and an increased risk of nonrelapse mortality (NRM), 7 all of which may lead to compromised survival. Thus, improving on transplant related outcomes in MMURD is a major priority in the field of alternative donor transplantation. ABO incompatibility involves antibody production against donor red blood cells (major ABO incompatibility) or against the recipient's red blood cells (minor ABO incompatibility) and is seen in 25-50% of allogeneic stem cell transplantations. 8 
| M E T H O D S

| Study design and data collection
This multicenter retrospective analysis was approved by the ALWP, in accordance with the EBMT guidelines for retrospective studies. The EBMT is a voluntary working group of more than 500 transplant departments that are required to report all consecutive stem cell transplantations and follow-ups on a yearly basis. Audits are routinely performed to determine the accuracy of the data. The study protocol was approved by the institutional review board at each site and complied with country-specific regulatory requirements. The study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. All patients provided written informed consent authorizing the use of their personal information for research purposes. The list of institutions reporting data included in this study is provided in the Supporting Information data.
For the purpose of this analysis, eligible patients were adults over the age of 18 with AML who were transplanted from an HLA mismatched donor at one or two loci (8/10; 9/10) (-A, -B, -C, DRB1, -DQB1).
Patients who had undergone previous allogeneic stem cell transplantation were excluded from the analysis. Major ABO incompatibility was defined as serological evidence for recipient derived antibodies directed against donor red cells, minor ABO incompatibility was defined as serological evidence for donor derived antibodies directed against the recipient's red cells, while bi-directional incompatibility comprised serological evidence of both donor and recipient derived red cell directed antibodies. Regimens were classified as myeloablative conditioning (MAC) or reduced intensity conditioning (RIC) based on published criteria. 17 
| Statistical analysis
The primary end point of the study was overall (OS) and leukemia-free survival (LFS). Secondary endpoints included disease relapse incidence peripheral blood mobilized grafts (n 5 876), we decided to initially focus our analysis on this group of patients. As summarized in Table 1 , the median age of patients was comparable between the various ABO matched and mismatched groups. Most patients were transplanted at first complete remission (CR1) with RIC being the most commonly used conditioning modality. The vast majority of patients in our cohort (range, 88-91%) were mismatched at a single allele, namely 9/10.
Cyclosporine based regimens for GVHD prophylaxis were used for most of the patients (889 of 1013; 87%) in the cohort while the rest were given prophylaxis with various combinations consisting of mycophenolate mofetil, tacrolimus, sirolimus, and post-transplant cyclophosphamide. As outlined in Supporting Information Table S1 , leukemia, GVHD, and infection accounted for most deaths in the analyzed cohort whereas ABO status had no clinical impact on cause of death both in patients transplanted with PB grafts (P 5 .94) and those receiving BM derived grafts (P 5 .84).
| Engraftment
ABO matched patients and the three groups of ABO mismatched patients (major, minor, bidirectional) did not significantly differ with regard to engraftment rates at 30 days post transplantation (96, 95, 98, and 97%, respectively, P 5 .32). Univariate analysis for engraftment rates also confirmed the absence of a statistically significant difference between ABO matched and mismatched patients (93 vs. 95%; P 5 .96).
ABO matched, minor mismatched, and major mismatched patients engrafted after a median of 16 days compared to 15 days required for patients with a bidirectional mismatch (P 5 .9).
| Acute and chronic GVHD
To evaluate the impact of ABO incompatibility we initially performed a univariate analysis, which as shown in Table 2 , demonstrated that the incidence of grade II-IV acute GVHD did not differ to a statistically significant degree between ABO matched and mismatched patients (33 vs. 28%; P 5 .09). Severe acute GVHD, defined as grade III-IV GVHD, was also not seen more frequently among ABO mismatched patients (15 vs. 11%; P 5 .14).
Additionally, the rates of 3 year chronic GVHD (38 vs. 35%; P 5 .43) and extensive chronic GVHD (17 vs. 14%, P 5 .26) were also comparable between ABO compatible and incompatible patients.
Patients who underwent in-vivo T-cell depletion were less likely to experience chronic GVHD (35 vs. 47%; P 5 .049) and extensive chronic GVHD (14 vs. 24%; P 5 .003) compared with those who did not undergo T-cell depletion.
Multivariate analysis (Table 3 ) also confirmed the absence of a statistically significant association between ABO matching and chronic GVHD, however grade II-IV acute GVHD was significantly lower in patients with major ABO mismatching [Hazard ratio (HR) of 0.7, 95%
confidence interval (CI), 0.5-1; P 5 .049]. Abbreviations: LFS, leukemia free survival; HR, hazard ratio; CI, confidence interval; OS, overall survival; RI, relapse incidence; NRM, non-relapse mortality; GVHD, graft versus host disease; GRFS, GVHDfree/relapse-free survival.
| RI and NRM
The NRM incidence at 3 years was also equivalent between the Abbreviations: LFS, leukemia free survival; HR, hazard ratio; CI, confidence interval; OS, overall survival; RI, relapse incidence; NRM, non-relapse mortality; GVHD, graft versus host disease; CR, complete remission; RIC, reduced intensity conditioning; MAC, myeloablative conditioning; KPS, Karnofsky performance status.
| GRFS, LFS, and OS
As shown in Table 2 , univariate analysis of GRFS, LFS, and OS at 3 years was comparable between ABO matched and mismatched patients. Conversely, disease status at transplant and the conditioning regimen significantly affected LFS with active disease correlating significantly with inferior LFS at 3 years (20%; 95% CI, 13-26; P < .0001)
while MAC was associated with a 3 year of 44% compared with 33%
with RIC (P 5 .028). Similar correlations were also observed for OS and GRFS (Table 2) . In multivariate analysis, ABO compatibility status did not significantly affect LFS and OS (Table 3) 
| HLA mismatch focused analysis
As HLA-DQ mismatching has a minor impact on prognosis compared with other HLA mismatches 20 we wanted to assess whether exclusion of this group of patients would influence the outcome of ABO mismatched patients. First, we confirmed that in our cohort there was no statistically significant difference in the distribution of HLA-DQ mismatches between ABO matched and mismatched patients (P 5 .15).
Next, we reanalyzed the data excluding the 156 patients who were HLA-DQ mismatched. A univariate analysis showed that ABO incompatible patients experienced decreased grade II-IV acute GVHD rates compared to ABO matched patients (28 vs. 38%; P 5 .011). A subsequent multivariate analysis (Supporting Information Table S3) confirmed that patients with major ABO mismatching experienced less Our data did indicate a potential mitigating role for major ABO mismatching on the incidence of grade II-IV acute GVHD. These data are in agreement with those reported by Bacigalupu and colleagues 29 showing that patients with major ABO incompatibility experienced lower acute GVHD rates compared with ABO matched and minor ABO mismatched patients. More recently published data did not confirm the same effect but did suggest a correlation between minor ABO incompatibility and severe acute GVHD. 30, 31 While this observation currently lacks a clear biological rationale, a possible explanation for this phenomenon may involve the absorption of anti A/B antibodies by donor lymphocytes thus eliminating at least part of the cellular repertoire responsible for the induction and propagation of GVHD. 29, 32 Our findings also concur with most prior publications in the field with regard to the incidence of disease relapse in the setting of ABO incompatibility. Indeed, data from major cooperative groups in the field, namely the CIBMTR, 33 the National Marrow Donor Program 28 and others, 16, 30, 32 support our findings essentially confirming that across multiple datasets and conditioning regimens, ABO incompatibility has no bearing on the risk for relapse.
Lastly, as the stem cell source may in itself impact on clinical outcome post-transplantation, 34 we performed a separate analysis for a smaller group of patients who received bone marrow derived grafts.
Again, similar to our earlier observations in the PB group, ABO status did not affect outcome in MMURD transplanted patients. We note that in general, studies examining ABO incompatibility both in bone marrow derived grafts and in PB grafts indicated the lack of a prognostic effect of ABO status. 35 Interestingly, we also found that upon exclusion of HLA-DQ mismatched patients, major ABO incompatibility impacted favorably on the incidence of acute GVHD. The reasons for this observation are not completely clear but are supported by data previously published by Bacigalupo et al. 29 We recognize the challenge of comparing the results of our analysis, of a rather homogeneous AML cohort, to those of prior studies, which consisted of a multitude of diseases comprising both malignant and nonmalignant hematologic conditions. Additionally, as with any retrospective multicenter analysis, there are recognized inherent limitations affecting data collection and analysis. Importantly, we note that as our registry data was not annotated for clinical data on transfusion requirements, clinically significant hemolysis, and additional potentially prognosis modifying clinical factors we cannot fully exclude a potential role for ABO incompatibility in influencing outcome in MMURD.
In aggregate, our findings support the prevailing clinical notion that ABO incompatibility has no major impact on patient prognosis probably extends also to the population of adult AML patients undergoing MMURD allogeneic stem cell transplantation.
